CHAPTER 4
QUALITATIVE MEASUREMENTS

LEARNING OBJECTIVES
Upon completion of this chapter, you will be able to do the following:
1. Identify the various methods of measuring standing-wave ratios.

2. ldentify the various methods of determining electrical 1osses caused by deterioration of
transmission lines.

3. ldentify the methods of measuring intermodul ation distortion.

INTRODUCTION TO QUALITATIVE MEASUREMENTS

As atechnician, you are responsible for repairing and maintaining complex el ectronic systems. The
basic ability to repair a specific piece of equipment isonly the first step in becoming a qualified
technician. Y our ultimate goal should be to become proficient at systems fault isolation — in other words,
to know the entire system like the back of your hand. To reach this goal you will need to be familiar with
all parts of the system and know how they are interconnected and interact with each other. There are
numerous shortcuts or tricks of the trade that can only be learned through experience on any system, but
the most practical thing for you to remember is to approach all problems in a logical manner.

Various combinations of electronic equipment are interconnected to form a system capable of
performing specific functions. You must be able to apply general test methods and practices to
installation, tuning, maintenance, and repair of the system. This requires you to have a thorough
knowledge of many types of electronic equipment. When radar, communication, and digital computers
are interconnected, they require different maintenance procedures than when they are operated separately.
Revised test procedures may be necessary. Detrimental interactions between equipment or facilities must
be corrected and effective preventive maintenance procedures must be planned for all equipment within
the system. System quality figures, such as sensitivity and coverage, must be determined and measured
during equipment preventive maintenance checks to assure efficient operation. System monitoring at
specific test points is often used to help localize a problem.

System testing and monitoring are frequently accomplished by using an external piece of electronic
equipment, which is designed specifically for testing a particular system. Some computers and computer
systems build in their own monitoring and testing devices and will inform the operator when and where
failure has occurred. You must realize that any equipment designed to test, monitor, or repair another
system is itself subject to malfunction and will require periodic checks and preventive maintenance. This
chapter will cover some of the basic test methods and practices associated with system-level
troubleshooting.



STANDING-WAVE RATIO (SWR) MEASUREMENTS

Standing-wave ratio (swr) isthe ratio of the maximum voltage or current to the minimum voltage or
current at any point along atransmission line. Swr measurements are used to determine the matching
quality of the termination of theline.

A variety of methods and test equipments may be used to measure the voltage or current distribution
aong atransmission line. An open transmission line is accessible for coupling to many types of voltage-
measuring devices, such as awavemeter or a grid-dip meter. However, at higher frequencies where
coaxia cables or waveguides are used to minimize skin effect losses, (discussed in NEETS, module 10)
accessis more complicated. Accessto theinterior of the waveguide or center conductor of the coaxial
cable must be gained by using a unidirectional or bidirectional coupler, which isinserted into the
transmission line. The coupler contains adot into which an rf probeisinserted and positioned with
respect to directivity.

The conditions that produce standing waves and their adverse effects are discussed in detail in
NEETS, module 10. The different methods of detecting and measuring standing waves are discussed in
the following paragraphs.

PROBES

A magnetic or electric probe can be used to observe the standing wave on a short-circuited,
terminated line. The wavelength is obtained by measuring the distance between alternate maximum or
minimum current points along the line. A typica setup operating at 300 megahertz might use two 10-foot
lengths of number 14 phosphor-bronze wires, which are spaced 1 inch apart and supported parallel to a set
of probe guide rails. The line should be partially matched to the source generator by means of a paralld-
wire shorting stub connected in parallel with the transmission line and the oscillator output line. Figure 4-
1, view A and view B, illustrates the types of probes required for this method of measurement.
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Figure 4-1A.—Typical electromagnetic probe.
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Figure 4-1B.—Typical electromagnetic probe.
NEON-LAMP AND MILLIAMMETER METHODS

In this method of measurement, a neon bulb or milliammeter is moved along the two-wire parallel
transmission line. Points of maximum voltage (standing-wave voltage peaks) with the lamp or points of
maximum current (standing-wave current peaks) with the indicator will have maximum brilliance or
indication, respectively.

Q-1. Atwhat pointsalong a transmission line will a neon lamp glow the brightest?
BRIDGE METHODS

The bridge method permits measurement of the standing-wave ratio without actually measuring the
standing waves. The bridge method is applicable because the input impedance of aline terminated in its
characteristic impedance is a pure resistance equal to the characteristic impedance. A lineterminated in
thisway can be used as the unknown resistance in a bridge circuit and a null can be obtained in the
indicating device when the other resistance arms of the bridge are properly adjusted.

Many types of bridges can be used. For example, an ac bridge that isindependent of the applied
frequency can be used. The bridge will become unbalanced when the line is no longer properly
terminated. Improper termination will produce a reactive component as well as aresistive component in
the input impedance of the line and result in a standing wave. The reading of the indicating device
depends on the degree of imbalance, which becomes more severe as the mismatch caused by the
termination becomes worse. The indicating device can be calibrated directly to indicate the standing-wave
ratio. The most common indicator consists of acrystal rectifier, afiltering circuit, and a sensitive dc meter
movement in series with a high resistance.

RESISTANCE-CAPACITANCE BRIDGE

A resistance-capacitance bridge circuit is shown in view A of figure 4-2. The bridge is theoretically
independent of the applied frequency.

43



o—p—"v—iP {
=1 MCATH
IMFUT FROM N34 %Tjﬁg
TRAMNSMITTER )
o o

[A])

Figure 4-2A.—Resistance-capacitance bridge circuit for measuring standing-wave ratio.

However, the applied frequency must be low enough to avoid skin effect, stray inductance,
capacitance, and coupling between circuit elements and wiring. The leads must be kept short to eliminate
stray reactance, which causes bridge imbalance. The rectifier circuit wiring must be isolated from other
bridge component fields so that induced voltages do not cause an erroneous indication. Y ou should only
use resistors having negligible capacitance and inductance effects.

Before you calibrate a newly constructed bridge, the following procedure must be followed if
residual readings caused by stray effects are to be held to a minimum:

1. Connect anoninductive resistor (R_ in view B) that is equal to the characteristic impedance of the
line to the output terminals of the bridge.
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Figure 4-2B.—Resistance-capacitance bridge circuit for measuring standing-wave ratio.

2. Apply an rf voltage to the input terminals and adjust the variable capacitor for a minimum reading
on the meter.

3. Reconnect theresistor (R\) to the input terminals and connect the rf power source to the output
terminals.



4. Adjust the rf voltage amplitude applied to the bridge until a full-scale meter reading is obtained.

5. Reconnect the bridge in the normal manner (resistor R_ to the output terminals, etc.). If the meter
reading is now more than 1% or 2% of the full-scale reading, different arrangements (lead dress)
of the internal wiring must be tried until the null isreduced to O or as close as possible to the O

point.

The bridge can be calibrated after completion of the preceding check. Connect the transmission line
under investigation to the output terminals of the bridge and connect a succession of noninductive
resistors (Ro in view C) to the load end of the transmission line until the bridge is balanced. Assuming
that the bridge was originally balanced for the characteristic impedance of the line, the standing-wave
ratio can be computed from the following equation:

Fi

INFUT FROM
TRAMSMITTER

Sﬁ?Rf=EELanEQ

Ry Ry
WWhere:

E 0= line impedatce

RL = load resistatce

' [
|
I |
| |
! |
|
OUTPUT | :
TO LIME § § g =
— : |0
|
|
| |
1 |
| |
T |

(C)

Figure 4-2C.—Resistance-capacitance bridge circuit for measuring standing-wave ratio.

Select the formulathat yields aratio greater than unity. The swr calibration can be recorded on the
meter scale directly, recorded on a chart in terms of the meter deflection, or plotted on a graph against the
meter deflection. The variable capacitor, in turn, can be calibrated for various characteristic impedances.
Thisis accomplished by applying suitable resistors (Ro) across the output terminals and noting the
capacitor settings at the respective balance points. A range of 50 to 300 ohms should prove attainable.
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ACCURACY OF BRIDGE MEASUREMENTS

To assure accurate measurements, the rf signal applied to the bridge must be properly adjusted each
time a calibrated instrument is used. Essentially, this adjustment is a repetition of the previously described
reversed-bridge procedure. The following steps are to be performed:

1. Connect the line to the input terminals of the bridge and connect the transmitter to the output
terminals.

2. Adjust the transmitter coupling until full-scale deflection is obtained. From this point on, the
coupling must be left untouched.

3. Reconnect the bridge in the usual way and proceed with the measurement.
POWER OUTPUT VERSUS IMPEDANCE MATCHING

For maximum transfer of the power out of an rf source, with minimum heating from reflected power,
the total output impedance sensed by the rf source must be equal to the interna impedance of that source.
A perfect impedance match between transmitter and load would exist if the swr were 1 to 1. Asdiscussed
in NEETS, module 10, test equipment designed to measure the instantaneous voltage of a standing wave
will give you a voltage standing-wave ratio (vswr). Test equipment designed to measure the instantaneous
current component of a standing wave will give you the current standing-wave ratio (iswr). Regardless of
the type of test equipment selected, both ratios will be the same.

Q-2.  What vswr is a perfect match between a transmitter and its load?
SWR METERS

The Hewlett-Packard Model 415E swr meter, shown in figure 4-3, is acommonly used swr meter. It
is extremely accurate, sensitive, lightweight, easy to use, and portable. It is essentially a high-gain, tuned
audio amplifier with a square-law meter that is calibrated to read swr directly. The meter is designed to be
operated at a mean center frequency of 1,000 hertz.
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Figure 4-3.—Typical swr meter.

Figure 4-4 shows atypical swr measurement setup using the swr meter. The signal sourceisusualy
asinusoidal wave that is square-wave modulated at 1,000 hertz.
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Figure 4-4.—Typical setup for measuring swr.

The swr meter usually getsits input from a detector, either abarretter or a crystal diode. This
detector must be a square-law device (its output voltage is proportional to the applied rf power) to ensure



the accuracy of the meter. Theinput isamplified and applied directly to the meter. To perform the
measurement as shown in figure 4-4, you move the detector along the dotted line so that its probeisat a
voltage maximum and adjust the gain of the meter with the RANGE-DB, GAIN, and VERNIER controls
(EXPAND switch to NORM) for full-scale deflection (1.0 on the 1.0 to 4 SWR scale). Then move the
probe toward a minimum. If the meter drops below 3.2, rotate the RANGE-DB switch one position
clockwise and read on the 3.2 to 10 SWR scale. If the pointer drops below this scale, rotate the RANGE-
DB switch one more position clockwise and read on the 1.0 to 4 scale and multiply by 10. This pattern
continues for still higher swr readings.

The dB scales can be used for a standing-wave-ratio measurement by setting the meter to full scale at
avoltage maximum, then turning the RANGE-DB switch clockwise for an on-scale reading at a voltage
minimum and noting the difference in dB reading at the maximum and minimum. A dB reading is
obtained by adding the RANGE-DB switch setting and meter indication. The swr meter may also be used
for high resolution insertion loss measurements.

The setup for performing insertion loss or attenuation measurements is shown in figure 4-5. It
requires that you initially establish a convenient reference on the DB scale of the meter. Thisis
accomplished by connecting the signal source directly to the detector and using the GAIN and VERNIER
controlsto adjust the meter pointer to a convenient reference. Then you can insert the device to be
measured between the signal source and the detector and note the change in dB, as shown on the meter.
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Figure 4-5.—Typical setup for measuring attenuation or insertion loss.
ATTENUATION AND INSERTION LOSSMEASUREMENTS OF TRANSMISSION LINES

Transmission lines are sometimes subjected to extremes of weather and the corrosive effects of salt
water. Y ou should be aware of the adverse effects of this environment on transmission lines and how to
determine electrical losses caused by transmission-line deterioration.

Q-3.  What are the two common causes of transmission-line deterioration?
LOSSMEASUREMENT

Insertion loss measurement of transmission lines requires the use of agood signal generator and an
accurate power meter. The method isidentical to the insertion loss measurements used on most couplers.
When a known frequency, at a predetermined level of power, isinserted into one end of atransmission
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line, then the same frequency and the same level of power should be transmitted to the other end of a
transmission line. Because all transmission lines contain some degree of resistance, some loss of power
will occur during the test.

Exposure to the e ements over aperiod of time causes transmission-line deterioration. To determine
the accuracy of this test, you should use the power meter to measure the output of the signal generator at
the end of the test cable to be attached to the transmission line. Any power |oss associated with the test
cables should be recorded and subtracted from the measurement taken with the transmission line
connected.

Y ou should note that transmission lines, like all other electronic components, are designed to operate
over a specific range of frequencies. It is not uncommon for atransmission line to operate improperly at
one frequency, yet operate properly over the remainder of its frequency spectrum. Y ou should check
transmission-line losses over their entire frequency range. Insertion loss measurements are normally taken
when a systemisfirst installed or the transmission line is replaced. Periodic measurements should be
performed to enable you to determine if system performanceis being degraded by transmission-line
deterioration.

Q-4. Isit possiblefor atransmission lineto operate improperly at certain frequencies and properly
at others?

TRANSMISSION-LINE FORMULAS

Transmission lines are engineered and manufactured to meet certain specifications. The most
important of these specifications relates to frequency, power-handling capabilities, and characteristic
impedance. The dielectric constant (K) of the insulating material is probably the manufacturer’'s most
important consideration and is the primary factor that affects the size of the coaxial cable. The formulasin
the following sections discuss some aspects of coaxial transmission-line engineering.

A cross section of acoaxial lineis shown in figure 4-6. The characteristic impedance of a coaxial
line can be determined by the following formula:

Zo = % (log %‘
“Where:
D' =the mside diameter of the outer
conductor
d =the outside diameter of the mner
conductor and must be expressed in
the same units as D
K =the dielectric constant of the
insulating material (See table 4-1)
Z =the characteristic mpedance
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Figure 4-6.—Coaxial line.

Table 4-1.—Dielectric Constants of Materials

Material Dielectric Material Dielectric
constant constant

(Approx.) (Approx.)

Air 1.0 Lucite 25
Amber 2.6-2.7 Mica (electrical) 4.0-9.0
Asbestos Fiber 3.1-4.8 Mica (clear India) 7.5
Bakelite (ashestos base) 5.0-22 Mica (filled phenolic) 4.2-5.2
Bakelite (micafilled) 45-4.8 Micaglass (titanium dioxide) 9.0-9.3
Barium Titanate 100-1250 Micarta 3.2-55
Beeswax 24-2.8 Mycalex 7.3-9.3
Cambric (varnished) 4.0 Neoprene 4.0-6.7
Carbon Tetrachloride 2.17 Nylon 3.4-22.4
Celuloid 4.0 Paper (dry) 1.5-3.0
Cellulose Acetate 2.9-45 Paper (coated) 2.5-4.0
Durite 4.7-5.1 Paraffin (solid) 2.0-3.0
Ebonite 2.7 Plexiglas 2.6-35
Epoxy Resin 3.4-3.7 Polycarbonate 2.9-3.2
Ethyl Alcohol (absolute) 6.5-25 Polyethylene 25
Fiber 5.0 Polyimide 3.4-35
Formica 3.6-6.0 Polystyrene 2.4-3.0
Glass (electrical) 3.8-14.5 Porcelain (dry process) 5.0-6.5
Glass (photographic) 75 Porcelain (wet process) 5.8-6.5
Glass (Pyrex) 4.6-5.0 Quartz 5.0
Glass (window) 7.6 Quartz (fused) 3.78
Gutta Percha 2.4-2.6 Rubber (hard) 2.0-4.0
Isolantite 6.1 Ruby Mica 5.4
Selenium (amorphous) 6.0 Styrofoam 1.03
Shellac (natural) 2.9-39 Teflon 2.1
Silicone (glass) (molding) 3.2-4.7 Titanium Dioxide 100
Silicone (glass) (laminate) 3.7-4.3 Vasaline 2.16
Slate 7.0 Vinylite 2.7-75
Sail (dry) 2.4-29 Water (distilled) 34-78
Steatite (ceramic) 5.2-6.3 Waxes, mineral 2.2-2.3
Stearite (low 10ss) 4.4 Wood (dry) 1.4-29
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Attenuation in acoaxial linein terms of decibels per foot can be determined by the following
formula

a=d.6n\fi:(D+d)
D x d fog ")

Where

D =the mside diameter of the outer
conductor (in inches)

d = the outside diameter of the inmer
conductor (in nches)

f =the frequency (in megahertz)

a =the attenmation {in decibels per
foot of line)

As atechnician, you need not be concerned with designing coaxial transmission lines. It is, however,
our fedling that you should be familiar with the parameters that go into making atransmission line. It can
readily be seen by the above formulas that transmission lines cannot be randomly sel ected without
consideration of system requirements. NAV SHIPS 0967-000-0140, EIMB, Reference Data, section 3,
lists the characteristics of most common transmission lines.

Q-5. What factor hasthe greatest effect on the physical size of a coaxial cable?
Q-6. Istheattenuation of a coaxial cable independent of frequency?
INTERMODULATION DISTORTION MEASUREMENTS

Intermodul ation distortion occurs when two or more frequencies become mixed across a nonlinear
device. The resultants are the difference frequency and the sum frequency, both components of the
originals. Undesirable frequencies can be generated by a mixing of two discrete frequencies. Spurious
radiation, arising from close spacing of transmitter and receiver, is a prime source of an undesirable
frequency that can cause intermodulation distortion in an electronic circuit. Thisis particularly the case
when antenna couplers are employed. Cross modulation and parasitic generation (described in the next
section) are two other sources of undesirable frequencies that may cause intermodulation distortion.

Q-7. What isthe main cause of intermodulation distortion?
CROSSMODULATION AND PARASITIC GENERATION

CROSS MODULATION occurs when a signal from an adjacent channel crosses over into a second
channel and modulates the frequency of the second channel. PARASITIC GENERATION occurs when
regenerative feedback is sufficient to cause a circuit to oscillate, even though it is not designed to
oscillate. Both types of distortion are common to systems that are misaligned.

INTERMODULATION DISTORTION DETECTION

The presence of intermodulation distortion is determined by a two-tone test method. Two sinusoidal
frequencies of equal amplitude are introduced into the system under test. The two frequencies are spaced
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close together with reference to the unit under test. The output of the system under test (an amplifier,
receiver, or transmitter) is monitored on a spectrum analyzer that is comparable in characteristics to the
suspect system. The resultant display should be an exact reproduction of the input frequencies. If not,
some form of intermodulation distortion is present. To determine if external sources are causing the
intermodulation distortion, you can use a single-frequency signal. If the display on the spectrum analyzer
does not show the single frequency, then intermodul ation distortion is present.

Intermodul ation distortion cannot be entirely suppressed, but it can be minimized by shielding
components and circuitry, parasitic suppression circuitry, and antenna spacing. These factors are
incorporated in the design of the system and are tested during production. Any shields or parasitic
suppressors that are removed by the technician must be replaced before troubleshooting and/or repair can
be effective. Antennalocations aso pose a consideration when installing a new system. Ship alteration
specifications must be observed when new antenna systems are being installed.

Q-8. When you are testing a piece of equipment for intermodulation distortion, what should the
output of the equipment look like?

SUMMARY
The important points of this chapter are summarized in the following paragraphs:

STANDING WAVES are the result of an impedance mismatch between atransmission line and its
load. If atransmission lineis not properly terminated, it will cause a percentage of the transmitter power
to be reflected back to the source. The reflected wave or standing wave will increase in magnitude as the
mismatch becomes greater.

VSWR refersto the voltage ratio of the incident wave (that which is transmitted to the load) and the

reflected wave (that which is reflected by the load back to the transmitter). Anideal vswr is considered to
belto 1.
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Standing waves that are present on atransmission line can be used to determine the
TRANSMITTER FREQUENCY . Voltage or current peaks are present at half-wavelength intervals. By
measuring the distance between peaks, you can compute frequency mathematically.

TWO-WIRE, PARALLEL TRANSMISSION LINES are usually tested for standing waves with
test devices that are inductively coupled to the line. These test devices vary greatly in their complexity,
ranging from bridge circuits to ssimple neon lamps.

INSERTION LOSSMEASUREMENTS are performed by injecting asignal of a known amplitude
into atransmission line and then monitoring the signal at the far end of the cable with a power meter.
L oss measurements must be taken at various frequencies to determine if the transmission line is good
across its frequency range.
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The most common cause of INTERM ODULATION DISTORTION isimproper spacing of
transmitters and receivers. CROSS MODULATION is common to equipment that is misaligned.
Intermodul ation distortion can be tested by injecting two signals (different frequencies) into a piece of
eguipment and then monitoring its output for distortion using a spectrum analyzer. Intermodulation
digtortion is usually caused by improper antenna spacing or by poorly shielded components or circuits.
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A-l.
A-2.
A-3.
A4,
A5,

A-6.

A-8.

ANSWERS TO QUESTIONS Q1. THROUGH Q8.
At standing-wave voltage peaks.
l1tol.
Corrosive effects of salt water and weather extremes.
Yes, it is quite common.
The dielectric constant of the insulating material.
No.
Close spacing of transmitters and receivers.

An exact reproduction of the input.
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